Novel diaryliodonium hexafluorophosphate salts (NDAI) as cationic photoinitiators were synthesized. The substituent groups of two aromatic rings were investigated to lower the toxicity and to improve the solubility of diaryliodonium salts. NDAIs were negative in the mutagenicity tests and soluble well in common organic solvents and representative cationic polymerizable resins. The photocuring ability of NDAI was evaluated by the realtime FT-IR measurement. NDAI exerted high photoactivity in the presence of appropriate photosensitizers, e.g. naphthalene derivatives, carbazole derivatives and anthracene derivatives. Especially, in the pigmented system containing titanium dioxide, the combination of NDAI and 2-ethyl-9,10-dimethoxyanthracene showed higher photocuring ability than naphtyl-type sulfonium salt. The organic solvent resistance of cured film and the thick film curing were also examined. NDAIs are highly efficient cationic photopolymerization initiators having various features and possible to be employed in the wide applications.
Introduction
There is growing interest in cationic photopolymerization systems in the various fields. Onium salts such as diaryliodonium salts and sulfonium salts are known as cationic photoinitiators [ 1 ] . As for the sulfonium salts, various substituent groups such as aromatic rings, aliphatic groups and so on can be introduced to the sulfonium salts. There are many types of sulfonium salts in response to the industrial request. It has been reported that the diaryliodonium salts having non-nucleophilic anions worked as photoinitiators for cationic polymerization [2] . However, the synthetic routes of diaryliodonium salts were limited and the variety of their structure was not enough to examine their physical properties. The relatively simple structure of diaryliodonium salts, for example, diphenyl iodonium salt and ditolyliodonium salt, have the drawbacks which are poor solubility in cationic polymerizable resins and high toxicity. Furthermore, most of the commercially available diaryliodonium salts contain heavy metal, antimony in the form of hexafluoroantimonate (SbF6), because it is difficult to obtain a sufficient curing ability by use of a diaryliodonium hexafluorophosphate (PF6). The simultaneous use of photosensitizers is one of the most effective ways to improve the photocuring ability, but there is few photosensitizers for the industrial use so far. In these years, the emission of the volatile organic compounds which generate after photoirradiation becomes a subject of discussion, therefore the photo-decomposed compounds of diaryliodonium salts should be taken into account.
In the present paper, we examine the structures of diaryliodonium salts by varying the substituent groups on two aromatic rings to lower the toxicity and to improve the solubility.
Experimental 2.1. Materials
Reagents: Potassium hexafluorophosphate (KPF6) and potassium hexafluoroantimonate (KSbF6) were purchased from Morita Kagaku Kogyo Co., Ltd. Titanium dioxide (CR-58-2) was obtained from Ishihara Sangyo Kaisha Ltd. Other reagents of reagent grade were purchased from Tokyo Kasei Kogyo Co., Ltd.
Monomers : Cycloaliphatic type epoxy resin (CYRACURETM UVR-6110, Fig 1) was obtained from Dow Chemical Co.
Initiators : (1-Ethoxycarbonyl-ethyl)-methyl-2-naphthylsulfonium hexafluorophosphate (EMNS, Fig.2 ) and di-t-butylphenyliodonium hexafluorophosphate were prepared according to the previous report [3] and the literature [2] , respectively.
The initiators including novel diaryliodonium salts were used as a 50wt% solution of ybutyrolactone in each experiment. We confirmed that y -butyrolactone barely affected the polymerization of epoxy.
Photosensitizers : The reaction rates of epoxy monome (absorption at 790 cm') was measured by real time FT-IR (MAGNA 760, Nicolet) attached reflection type optical apparatus and a spot cur type UV lamp (SP5-250U, UV lamp ; UXM Q256BY, USHIO Inc.). The incorporation rate o data was 70 ms / scan at a resolution of 8 cm'. ) formulation composed of 100 parts o cycloaliphatic epoxy, four parts of 50wt% c onium salt of ' -butyrolactone and one part c photoinitiator was prepared and coated on a ti: plate by a bar-coater. The thickness of film was 1 ,LL m. The incident light intensity at the surface c the sample was measured by a radiometer (UN METER UIT-101, USHIO Inc.) attached a detects head (UVD-S365 or UVD-405PD, USHIO Inc.; The perceivable wavelength bands of UVD-S36 and UVD-405PD were 310-390 nm and 330-49 nm, respectively. Variations in experiment conditions such as light intensity, humidity an temperature from one day to another resulted i slight differences in time-conversion curves [5: therefore all time-conversion curves containe within a given figure were determined on the sam day and under the same conditions.
Curing test of pigmented system
The curing test of pigmented system wa conducted by a belt-conveyor-type UV-irradiatc (UB044, Eye Graphics Co., Ltd.). The conveyc speed was changeable from 10 to 100 m/min. The light source was a gallium-doped metal halid lamp (160 W/cm). A formulation containin titanium oxide was prepared as follows. 100 pail of cycloaliphtic epoxy, 100 parts of titaniur dioxide, six parts of 50wt% onium salt solution c 'l' -butyrolactone and one part of a photosensitizE were mixed and kneaded by three rollers. Thi composition was coated on a tin plate in a thickness of 10 µ m and subsequently subjected to photoirradiation.
MEK resistance
The MEK (2-butanone) resistance was determined by rubbing the surface of the cured film with cotton swabs impregnated with MEK until the film was removed completely. This MEK resistance test was carried out at 24 hour-interval following the photoirradiation. Test samples were the same as used in the curing test of the pigmented system (cured at 20 m/min).
Curing test of thick film system
100 parts of cycloaliphatic epoxy, four parts of 50wt% onium salt solution of 'r -butyrolactone and one part of a photosensitizer were mixed. This composition was poured into a polypropylene cup (20 mm c ) and subsequently photoirradiated with a 250 W super high pressure mercury lamp (UIV-290, Usio Inc.) at 10 mW/cm2 for 5 or 10 minutes. A cured resin was washed with acetonitrile. The thickness of the cured resin was measured after air-dry.
3. Results and Discussion 3.1. Preparation of diaryliodonium salt Some synthetic routes of diaryliodonium salts have been examined [1, 2] . We employed the route through iodoaryl diacetate compounds as illustrated in Scheme 1, because it could afford the product and a variety of diaryliodonium structure in high yields . A number of novel diaryliodonium salts (NDAIs) were prepared. The substitution groups R, and R2 were alkyl groups (m=1-4) and mainly alkoxy groups (n=1-3), respectively. The representative chemical structures of NDAIs are shown in Table 1 . The resulted diaryliodonium salts were subjected to mutagenicity tests (Ames test) to screen less toxic compounds. The diaryliodonium salts which became negative on Ames test possessed characteristic substituent groups, whereas di-tbutyliodonium salt (entry 7) was positive. And the solubilities at cationic polymerizable monomers such as epoxy, vinyl ether, oxetane and so on were acceptable for the practical use. The photodecomposition route of a general diaryliodonium salt is shown in Scheme 2. NDAIs have substituent groups on both aromatic rings, the compounds generated by photoirradiation are definitely benzene-free (The photodecomposed compounds of NDAI were confirmed by the chromatographic analyses).
Photocuring evaluation
The photodecomposition rates of diaryliodonium salts are hardly affected by their substituent groups [2] , and the photoactivity of NDAIs were much the same. Therefore, a representative structure of NDAI (entry 5 in Table  1 ) was evaluated in the following tests. Initially, the influence of counter anion was investigated for the basic knowledge of cationic photopolymerization. The time conversion of epoxy monomer measured by the real-time FT-IR are shown in Fig.4 The light intensity of the coating surface was 6 mW/cm2 at 365 nm. environmental reasons because antimony is heavy metal. The simultaneous use of photosensitizer is inevitable to achieve the sufficient curing properties of diaryliodonium salts from a practical standpoint, since the photoactivity of diaryliodonium salts alone was quite low. Dye derivatives [4] , polynuclear aromatic hydrocarbons [6] such as anthracene, perylene, phenothiazine and thioxanthone are known as photosensitizers for diaryliodonium salts. In this paper, naphthalene derivatives, thioxanthone derivatives, anthracene derivatives, carbazole derivatives were examined with the object of easy availability, price and toxicity. The structures of photosensitizers are shown in Fig 3.  Fig.S shows the photoactivity of NDAI in the presence or the absence of naphthalene derivatives. The irradiated light intensity was relatively low (5-6 mW/cm2 at 365 nm) to make the difference of photosensitizing ability clear. In the case of NDAI alone, the epoxy conversion was around 10 % after 30 seconds. NDAI alone would be insufficient for UV light due to its small molar extinction coefficient. On the other hand, the conversion rates increased in the presence of naphthalene derivatives in the order of 1-NT > 1-MN > 2-MN. The photoactivity with 2-MN was lower than that with 1-MN, despite the similar naphthalene derivatives. The difference between 1-MN and 2-MN seems to be caused by their absorption spectra as shown in Fig.6 . the band pass filter which had a window from 390 to 420 nm. As shown in Fig.8 , the photopolymerization was observed in the presence of EDMA and DMTX, whereas epoxy monomers did not react with N-EC and 1-NT at all. From the observation of absorption spectra (Fig.9) , N-EC and 1-NT have no absorption over 390 nm. On the other hand, the absorption spectra of EDMA and DMTX reaches a wavelength of around 430 nm and 410 nm, respectively. Therefore, EDMA and DMTX could photosensitize NDAI when the band pass filter cut the wavelength shorter than 390 nm. These results indicated that photosensitizing of NDAI by EDMA and DMTX is expected to apply to a pigmented system containing titanium dioxide which also cut the wavelength shorter than 390 nm. It is seemed that EDMA is the most suitable photosensitizer for NDAI, since the photoactivity with EDMA was higher than DMTX. The photocuring ability of NDAI in the pigmented system containing titanium dioxide was investigated from a practical view. The combination of NDAI and EDMA was compared with that of a naphthyl-type sulfonium salt, EMNS and DMTX. EMNS is a photo-and thermal cationic initiator and shows excellent curing abilities in both clear and pigmented systems. It has been suggested that DMTX was the suitable photosensitizer for EMNS [3] . The photocuring test of the pigmented system was carried out with a belt-conveyor-type UV-irradiator. The maximum speed when the coated resin became tack-free immediately was shown in Table 2 . The maximum speed in the case of NDAI and EDMA was nearly two times higher than that of EMNS and DMTX. The MEK resistance of the cured film was examined by double-rubs test. This test would express not only the surface of the film but also the internal cured conditions. The number of doublerubs in use of NDAI and EDMA was larger than that of EMNS and DMTX as well as the photocuring test (Table2). These results indicate that the combination of NDAI and EDMA works as an excellent cationic photoinitiator in the pigmented system.
The thick film curing ability was evaluated in the clear system ( Table 3 ). The quite thick film more than 2 mm could be obtained by use of NDAI and EDMA. Since the thick film curing ability depended on the light intensity and dose, the exposure time could be reduced by large UV-dose. 4 . Conclusion Novel diaryliodonium hexafluorophosphate salts were synthesized for a cationic photoinitiator. These diaryliodonium salts were low toxicity and showed good solubility in cationic polymerizable monomers. Besides, photodecomposed compounds were benzene-free. The simultaneous use of photosensitizer was extremely effective to improve the photoactivity of NDAI. The appropriate photosensitizers could be chosen for clear and/or pigmented systems. Especially, 2-ethyl-9, 10-dimethoxyanthracene was the excellent photosensitizer in the pigmented system. As described above, NDAIs are highly efficient cationic photopolymerization initiators having various features and possible to be employed in the wide applications.
